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Abstract
Ulva fenestrata is an economically and ecologically important green algal species with a large potential in seaweed aquaculture
due to its high productivity, wide environmental tolerance, as well as interesting functional and nutritional properties. Here, we
performed a series of manipulative cultivation experiments in order to investigate the effects of irradiance (50, 100, and 160 μmol
photons m−2 s−1), temperature (13 and 18 °C), nitrate (< 5, 150, and 500 μM), phosphate (< 1 and 50 μM), and pCO2 (200, 400,
and 2500 ppm) on the relative growth rate and biochemical composition (fatty acid, protein, phenolic, ash, and biochar content) in
indoor tank cultivation of Swedish U. fenestrata. High irradiance and low temperature were optimal for the growth of this
northern hemisphere U. fenestrata strain, but addition of nutrients or changes in pCO2 levels were not necessary to increase
growth. Low irradiance resulted in the highest fatty acid, protein, and phenolic content, while low temperature had a negative
effect on the fatty acid content but a positive effect on the protein content. Addition of nutrients (especially nitrate) increased the
fatty acid, protein, and phenolic content. High nitrate levels decreased the total ash content of the seaweeds. The char content of
the seaweeds did not change in response to any of the manipulated factors, and the only significant effect of changes in pCO2 was
a negative relationship with phenolic content. We conclude that the optimal cultivation conditions for Swedish U. fenestrata are
dependent on the desired biomass traits (biomass yield or biochemical composition).
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Introduction
Seaweed aquaculture is a growing industry worldwide, which is
worth more than 6 billion US$ per year (Buchholz et al. 2012;
Buschmann et al. 2017; FAO 2018). The green seaweed genus
Ulva has received a lot of attention due to its high productivity
and wide environmental tolerance (Ye et al. 2011; Smetacek
and Zingone 2013; Bolton et al. 2016). In general, Ulva spp.
have a fast growth rate and are very efficient in absorbing many
nitrogen sources such as nitrate, ammonia, and urea
(Robertson-Anderson et al. 2008). Therefore, Ulva spp. have
great potential for bioremediation of nutrient-pollutedwater and
as extractive species in integrated multi-trophic aquaculture
(IMTA) systems (Bolton et al. 2016). Production of Ulva spp.
has been successfully integrated with other types of aquaculture
such as abalone (Bolton et al. 2009) and fish (Sphigel et al.
2017). Apart from its beneficial function as a nutrient scrubber,
the produced biomass also has very interesting functional and
nutritional properties and can be used directly as food (Bolton
et al. 2016), or turned into value-added products such as func-
tional foods, cosmeceuticals, nutraceuticals, or pharmaceuticals
(Hafting et al. 2015). Furthermore, there is a growing interest in
Ulva spp. biomass as a feedstock for biofuel production
(Coelho et al. 2014).
There is a large variation in the biochemical composition of
Ulva spp. (Holdt and Kraan 2011), which is most likely due to
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genetic differences between species and populations, as well
as differences in environmental growth conditions such as
temperature, irradiance, salinity, and nutrient composition of
the water. The varying responses to environmental factors
lead to one of many challenges in seaweed cultivation, i.e.,
that the optimal cultivation conditions for biomass yield may
not correspond to the optimal conditions for the desired bio-
chemical composition. Growth generally increases with in-
creasing irradiance, temperature, nutrient, and pCO2 levels
(e.g. Duke et al. 1986; Geertz-Hansen and Sand-Jensen
1992; Riccardi and Solidoro 1996; Taylor et al. 2001; Kalita
and Tytlianov 2003; Kalita and Titlyanov 2013; Olischläger
et al. 2013; Kumari et al. 2014; Young and Gobler 2016; Gao
et al. 2017, 2018a; Tremblay-Gratton et al. 2018; Chen et al.
2019; Mhatre et al. 2019; Sebök et al. 2019), although there
are exceptions to this general pattern (e.g. Kerrison et al. 2012;
Liu and Zou 2015). The biochemical composition also chang-
es with environmental growth conditions, with increasing
temperature, nutrients, and pCO2 levels generally increasing
total fatty acid and protein content (e.g. Kumari et al. 2014;
Liu and Zou 2015; Gao et al. 2017, 2018a, 2018b; Chen et al.
2019; but see Ak et al. 2015). Increased irradiance, on the
other hand, tends to have a positive effect on total fatty acid
content, but a negative effect on total protein content (Mhatre
et al. 2019; but see Khotimchenko and Yakovleva 2004). The
total phenolic content of Ulva spp. increases with increasing
nutrient and temperature levels (Cabello-Pasini et al. 2011;
Figueroa et al. 2014; McCauley et al. 2018) and decreasing
pCO2 levels (Figueroa et al. 2014). From an applied perspec-
tive, optimising cultivation conditions to produce high yields
of proteins, fatty acids, carbohydrates, and/or bioactive com-
pounds may be more important than optimising growth rate
(Hafting et al. 2015).
Most of the mentioned previous studies on cultivation of
Ulva spp. investigated the effect of only a few environmental
conditions on growth and/or a few selected biochemical con-
stituents (usually proteins, fatty acids, and estimated carbohy-
drates) simultaneously. The overall aim of the present study
was to investigate how changes in several cultivation condi-
tions (irradiance, temperature, nitrate, phosphate, and pCO2)
affect the growth and levels of several commonly measured
biochemical constituents (total fatty acid, protein, phenolics,
ash, and biochar content) of SwedishU. fenestrata in the same
study. Effects of environmental factors on the carbohydrate
and ulvan content of U. fenestrata are presented in Olsson
et al. (2020). To achieve our aim, we conducted three manip-
ulative experiments where the interactive and/or single effects
of (1) irradiance and temperature, (2) nitrate and phosphate,
and (3) pCO2 at different levels were tested in indoor cultiva-
tion tanks with flow-through seawater. Based on the results
from the mentioned previous studies, we hypothesised that the
(i) growth rate and (ii) fatty acid content of U. fenestrata
would be highest at high irradiance, temperature, nutrient,
and pCO2 levels; (iii) protein content would be highest at
low irradiance, and high temperature, nutrients and pCO2
levels; and (iv) that the total phenolic content would be highest
at high irradiance, temperature, and nutrient, and low pCO2
levels. For the ash and biochar content, we did not have spe-
cific hypotheses about the direction of change, but still
hypothesised that these variables would change with changing
cultivation conditions.
Material and methods
Algal material and taxonomic identification
Algal material for the experiments in the present study were
taken from a long-term indoor tank culture at the Tjärnö
Marine Laboratory (TML, 58° 52′ 36.4″ N 11° 6′ 42.84″ E),
where vegetative healthy seaweed thalli were grown in culti-
vation tanks (90 L) in a greenhouse under a 16:8 h (L:D) light
cycle at an irradiance of 140 μmol photons m−2 s−1. The light
source was an INDY66 LED 60 W 4000 K 6000 lm. The
seaweeds continuously received filtered (5 μm+UV) natural
seawater without additional medium or chemicals in a flow-
through system (flow = 10–14 L h−1) and water motion was
provided by aeration. The salinity and temperature fluctuated
depending on the prevailing weather and seasonal conditions.
The taxonomic identification of the Ulva strain used in the
present study was based on molecular identification. About
1 cm2 of thallus tissue of four different individuals from the
long-term cultivation was frozen and lyophilised, and total
DNA was extracted using the DNeasy Plant Mini Kit
(Quiagen, Netherlands). Methods for subsequent PCR ampli-
fication of the tufAmarker gene were described by Steinhagen
et al. (2019). Direct sequencing of both strands of the purified
amplicons was provided by Eurofins GATC Biotech GmbH
(Konstanz, Germany). To determine the taxonomic species
affiliations, the obtained sequence of each individual was
compared with published sequences of Ulva spp. using the
BLAST function in GenBank. To assure the correctness of
previous databank searches, representative Ulva spp. se-
quences were downloaded from GenBank, and phylogenetic
controls using the maximum likelihood approach within the
software RAxML (v.8; Stamatakis 2014) were performed (da-
ta not shown). Resulting sequences from this study were
uploaded to GenBank and are publicly available (GenBank
accession numbers BankIt2249282 Seq1: MN240309, Seq2:
MN240310, Seq3: MN240311).
Experimental set up
The effect of different irradiance, temperature, nutrient, and
pCO2 levels on the relative growth rate and chemical compo-
sition of Ulva fenestrata were tested in three different
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manipulative indoor experiments using 15 L aquaria supplied
with running filtered (5 μm+UV, 9 L h−1) seawater, which
under control conditions had ambient nutrient (nitrate <5 μM,
phosphate <1 μM), pCO2 (≈ 400 ppm), and temperature (13–
14 °C) levels.
The first experiment was performed in June 2018 in a
temperature-controlled room where irradiance and tempera-
ture were manipulated in a fully crossed design. The light
source was an OSRAM Lumilux Cool daylight L 58 W/865,
and irradiance was manipulated by shading the aquaria with
layers of semi-opaque plastic netting until the desired intensity
(low = 50, medium = 100, and high = 160 μmol photons
m−2 s−1) was achieved. Water temperature was manipulated
using submersed heaters (EHEIM Aquarium Heaters, 600–
1000 L; 230 V, 300 W) and was set to ambient (13 °C) and
high (18 °C) temperature. In order to avoid negative effects,
irradiance and temperature levels were chosen within the
range that is experienced naturally by intertidal macroalgae
in Sweden (www.smhi.se). Twelve square centimetre discs
were cut from U. fenestrata blades and added to the aquaria
at a density of 0.14 g L−1 (n = 6, i.e. a total of 36 aquaria).
Seaweeds were cultivated under a 16:8 h (L:D) cycle for
7 days.
In the second experiment, performed in a temperature-
controlled room for 5 days in October 2018 (average irradi-
ance 110 μmol photons m−2 s−1, 16:8 h L:D), nitrate and
phosphate levels in the water were manipulated in a fully
crossed design. Ulva fenestrata blades were added to the
aquaria at a density of 0.71 g L−1 (n = 4, i.e. a total of 24
aquaria). Nutrients were added in the morning each day of
the experiment by turning off the running water and adding
10 mL of a stock solution prepared from NaNO3 and
Na2HPO4, to a final concentration of 150 (medium), and
500 (high) μM nitrate, and 50 (high) μM phosphate.
Ambient seawater was used as control. The seaweeds were
allowed to assimilate nutrients for 2 h after which the water
flow was turned back on.
The third experiment was performed in a greenhouse in
October 2018 (natural light cycle 10:14 h L:D, average irra-
diance between 11:00 am to 01:00 pm = 50 μmol photons
m−2 s−1), with constant seawater flow from header tanks (a
total of 6 header tanks, n = 2) to 15 L aquaria. Control algae
were maintained at ambient pCO2 (target pCO2 = 400 ppm,
pH = 8.1), while experimental algae were exposed to either
low pCO2 (target pCO2 = 200 ppm, pH = 8.4) or high pCO2
(target pCO2 = 2500 ppm, pH = 7.4). Treatments were regu-
lated using solenoid valves controlled by pH computers (Aqua
Medic, Germany, NBS-calibrated), which mixed CO2 (AGA,
Sweden) with air that had CO2 removed. pCO2 was monitored
using an LI-850 CO2/H2O Gas Analyzer (LI-COR
Biosciences, USA). Total alkalinity (AT), salinity, and tem-
perature were 2235 μmol kg−1, 32 PSU, and 13.1 °C, respec-
tively. Total alkalinity was estimated from salinity using long-
term salinity:alkalinity relationship data (Falkenberg et al.
2019). Ulva fenestrata blades were added to the aquaria at a
density of 0.71 g L−1 (n = 4, i.e. a total of 24 aquaria).
Relative growth rate
The relative growth rate (% day−1) of U. fenestrata was cal-
culated using the formula
Relative growth rate ¼ lnWe−lnWsð Þ
te−tsð Þ  100
where ts and te are the start and end time of the experiments (in
days), andWs andWe are the size (in g wet weight) of the algae
at the start and the end of the experiments. Wet weight was
determined on a lab-scale (Sartorius TE1502S) after removing
excess water with a salad spinner. Tissue samples from each
aquarium were frozen, lyophilised, homogenised, and stored
at < − 20 °C before further analysis of biochemical
composition.
Fatty acid content and composition
Fatty acids were analysed by adding 20 μL of internal stan-
dard (C23:0, 1000 ppm) to roughly 25 mg of lyophilised and
homogenised seaweed, followed by the addition of 1 mL tol-
uene and 1 mL of freshly prepared hydrochloric acid (10% v/v
in methanol). The samples were incubated at 70 °C for
120 min and thereafter allowed to cool to room temperature
before 1 mL ultra-pure water was added. Thereafter, 1 mL
hexane was added; the samples were vortexed for at least
60 s and phase-separation achieved by centrifugation at
100×g for 6 min. The upper phase was injected into a
Shimadzu TQ-8030 GC-MS/MS system consisting of a
Shimadzu GC-2010 Plus gas chromatograph (GC),
Shimadzu TQ-8030 triple quadrupole mass spectrometer,
and a Shimadzu AOC-5000 Plus sample handling system
(Shimadzu Europe GmbH, Germany). Data was acquired with
the Shimadzu GCMSSolutions software version 4.2. One
microlitre of each sample was injected with a split ratio of 1,
and separation was done on a 30 m × 0.25 mm × 0.25 μm
Zebron ZB-WAXplus column (Phenomenex, USA).
Injection port temperature was set to 275 °C, and oven tem-
perature programme was as follows: initial temperature
100 °C, ramped to 205 °C at 4 °C min−1 followed by ramping
to 230 °C at 1 °Cmin−1, and held at 230 °C for 5 min. GCwas
operated in constant linear velocity mode set to 37.2 cm s−1.
Septum purge flow was set to 3 mL min−1. Interface and ion
source temperatures were 280 and 230 °C, respectively. The
autosampler was kept at 8 °C. Helium was used as the carrier
gas. Data were collected between 50 and 550 m/z and at single
ions at 55, 74, and 87 m/z.
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Protein content
Total nitrogen was determined by combustion using a LECO
Trumac nitrogen analyser, EDTA was used as standard.
Thereafter, the total protein content was calculated using a
nitrogen to protein conversion factor of 5 (Angell et al.
2016a).
Total phenolic content
Total phenolic content in U. fenestrata was extracted using
30–50 mg lyophilised and homogenised algal material in
1.5 mL of 70% ethanol for 1.5 h in 20 °C. After extraction,
the samples were centrifuged (1 min at 14000 rpm and 20 °C)
and the supernatant was collected. Total phenolic content was
estimated colorimetrically using the Folin-Ciocalteu phenol
reagent (Merck) with gallic acid (Sigma-Aldrich) as a stan-
dard. One millilitre supernatant and 0.5 mL Folin-Ciocalteu’s
reagent was mixed with 7 mL distilled H2O, after which
1.5 mLNa2CO3 (200 g L
−1, Merck) was added. Samples were
left for 2 h in 20 °C, after which the absorbance was measured
at 765 nm using a spectrophotometer (Lambda XLS+, Perkin
Elmer). Total phenolic content was calculated as % of dw.
Biochar and ash content
The biochar and ash contents of U. fenestrata samples were
estimated using a Mettler Toledo TGA/DSC. Approximately
4 mg of each lyophilised sample was heated in alumina cups
from 40 to 800 °C at a heating rate of 10 °Cmin−1 under an N2
atmosphere. After being heated to 800 °C, O2 was introduced
instead of N2 and the temperature was kept at 800 °C for
15 min. The flow rate was set to 50 mL min−1. The biochar
content was calculated as the weight that remained after the
samples were heated to 800 °C in N2, and the ash content was
calculated as the mass remaining after finalising the heating
programme. The data were processed and analysed using
STARe software.
Statistical analysis
Data on the relative growth rate and biochemical composition
of U. fenestrata from the experiments in the present study
were statistically analysed using the analysis of variance
(ANOVA). The effects of temperature and irradiance, as well
as nitrate and phosphate, were analysed using two separate
orthogonal 2-way ANOVAs with fixed 2-level (temperature
and phosphate) and 3-level (irradiance and nitrate) factors.
The effect of pCO2 was tested using a mixed-model
ANOVA with pCO2 as a fixed 3-level factor and header tank
as a random 4-level factor nested within pCO2. Significant
differences among means were compared using the Tukey’s
HSD test. Before statistical analysis, data were tested for
homogeneity of variances using Cochran’s test (Underwood
2001). No heterogeneous variances were found, and therefore,
data were not transformed.
Results
Taxonomic identification
TufA gene sequences originating from single individuals from
the cultivated Ulva strain at TML were all identical with the
northern European type of the common “sea lettuce”, formerly
known asUlva lactuca. However, molecular investigations on
the Linnaean typematerial ofU. lactuca have revealed that the
oldest available name for the European U. lactuca is
U. fenestrata (Hughey et al. 2019) and therefore the strain
used in this study was identified as U. fenestrata.
Relative growth rate
The mean relative growth rate of U. fenestrata varied consid-
erably between the three different experiments, i.e. from
24.64 ± 0.61% day−1 (mean ± SEM) in the temperature/
irradiance experiment to 13.40 ± 0.50% day−1 (mean ±
SEM) in the nitrate/phosphate experiment and 6.37 ± 0.31%
day−1 (mean ± SEM) in the pCO2 experiment (Fig. 1a–c).
When data were statistically analysed, we found a significant
difference in relative growth rate between algae exposed to
different irradiance and temperature levels (Table 1a). The
relative growth rate was on average 14.43% higher at medium
and high irradiance compared with low irradiance, and
10.81% higher at low compared with high temperature
(Tukey’s HSD, p < 0.05, Fig. 1a, b). Furthermore, there was
a significant interaction between nitrate and phosphate addi-
tion on the relative growth rate of U. fenestrata (Table 1a).
However, the relative growth rate was on average 42.65%
lower when nitrate was added to the aquaria compared with
ambient conditions (Tukey’s HSD, p < 0.05), but this effect
was counteracted by adding phosphate (Fig. 1c). We found no
statistically significant effect of different pCO2 levels on the
relative growth rate of U. fenestrata (Table 1a). The average
growth rate of U. fenestrata exposed to high, medium, and
low pCO2 treatments was 6.55 ± 0.43, 6.54 ± 0.55, and 6.02 ±
0.68% day−1 (mean ± SEM), respectively.
Fatty acid content
The mean total fatty acid content of U. fenestrata was 1.31 ±
0.03, 1.61 ± 0.05, and 1.83 ± 0.02% dw (mean ± SEM) in the
temperature/irradiance (Fig. 1d, e), nitrate/phosphate (Fig. 1f),
and pCO2 experiments, respectively. We found statistically
significant effects of the factors irradiance and temperature,
as well as a significant interaction between nitrate and
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phosphate addition, on the total fatty acid content in
U. fenestrata (Table 1b). The mean fatty acid content de-
creased significantly (Tukey’s HSD, p < 0.05) by 12.98% in
the medium and high compared with low irradiance treatment
(Fig. 1d) but increased with 18.70% in the high compared
with the low temperature treatment (Fig. 1e). Elevated nitrate
levels significantly (Tukey’s HSD, p < 0.05) increased the to-
tal fatty acid content with on average 25.13% compared with
ambient conditions (Fig. 1f). Elevated phosphate levels alone
had no significant (Tukey’s HSD, p > 0.05) effect on the total
fatty acid content inU. fenestrata (Fig. 1f). However, in com-
bination with nitrate addition, elevated phosphate levels had
additive effects as was shown by the significant (Tukey’s
HSD, p < 0.05) 10.51% increase in total fatty acid content
between seaweeds exposed to a combination of nitrate and
phosphate compared with nitrate only (Fig. 1f). The fatty acid
content in algae exposed to different pCO2 treatments did not
differ significantly (Table 1b), but there was a statistically
Fig. 1 Mean relative growth rate
(% day−1) (a–c), total fatty acid
(% dw) (d–f), protein (% dw) (g–
i), and phenolic (% dw) (j–l)
content in Ulva fenestrata after
exposure to different irradiance
(n = 12), temperature (n = 18),
and nitrate and phosphate (n = 4)
levels. Capital letters above bars
show significant differences
between means based on Tukey’s
HSD test (p < 0.05). Error bars
show SEM
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significant difference in total fatty acids in algae receiving
water from different header tanks (Table 1b). The average
total fatty acid content in U. fenestrata exposed to high, me-
dium, and low pCO2 treatments were 1.82 ± 0.03, 1.87 ± 0.03,
and 1.80 ± 0.05% day−1 (mean ± SEM) respectively.
When the fatty acid composition was analysed, we found
that palmitic acid (C16:0) occurred in highest percentages,
followed by alpha-linolenic acid (C18:3n3), hexadecatetraenoic
acid (C16:4n3), linoleic acid (C18:2), vaccenic acid (C18:1),
and stearidonic acid (C18:4n3) (Fig. 2). The relative proportion
of these six most common fatty acids varied between different
experiments (Fig. 2). When data were statistically analysed, we
found that temperature, irradiance, and pCO2 treatments signif-
icantly changed the proportion of some fatty acids in
U. fenestrata, but that nutrient addition had no significant effect
(Table 2, Fig. 2). The proportion of C18:3n3, C16:4n3, and
C18:4n3 significantly (Tukey’s HSD, p < 0.05) increased with
decreasing irradiance and temperature, while both C16:0 and
C18:1 significantly (Tukey’s HSD, p < 0.05) increased with
increasing irradiance, and C18:2 significantly (Tukey’s HSD,
p < 0.05) increased with increasing temperature (Fig. 2).
Furthermore, C18:2 decreased, and C18:4n3 increased, signif-
icantly (Tukey’s HSD, p < 0.05) in response to increased pCO2
(Fig. 2).
Protein content
The mean total protein content of U. fenestrata was 8.09 ±
0.30, 12.36 ± 1.09, and 11.35 ± 0.24% dw (mean ± SEM) in
the temperature/irradiance (Fig. 1g, h), nitrate/phosphate (Fig.
1i), and pCO2 experiments, respectively. Similar to relative
growth rate and total fatty acid content, there was a statistically
significant effect of the factors irradiance and temperature, and
a statistically significant interaction between the factors nitrate
and phosphate on the total protein content in U. fenestrata
(Table 1c). The total protein content decreased significantly
(Tukey’s HSD, p < 0.05) with 36.66% between the low and
the high irradiance treatments (Fig. 1g), and with 31.57%
between the low and the high temperature levels (Fig. 1h).
The total protein content increased significantly (Tukey’s
HSD, p < 0.05) with 218.38% in the medium and high nitrate
treatment compared with the control (Fig. 1i). The addition of
phosphate resulted in a significant (Tukey’s HSD, p < 0.05)
14.7% reduction in protein content in the medium nitrate treat-
ment, but no significant change was seen in the ambient and
high nitrate treatment (Fig. 1i). There was no statistically sig-
nificant difference in the total protein content in the different
pCO2 treatments (Table 1c), but similar to the results for the
fatty acid content, total protein content differed significantly
between algae receiving water from different header tanks
(Table 1c). The mean total protein content in U. fenestrata
exposed to high, medium, and low pCO2 treatments were
10.74 ± 0.41, 11.92 ± 0.44, and 11.39 ± 0.32% day−1 (mean
± SEM), respectively.
Phenolic content
The mean total phenolic content ofU. fenestratawas 0.122 ±
0.003, 0.202 ± 0.009, and 0.181 ± 0.004% dw (mean ± SEM)
in the temperature/irradiance (Fig. 1j, k), nitrate/phosphate
Fig. 1l), and pCO2 experiments, respectively. Temperature
had no significant effect on the total phenolic content of
U. fenestrata in the present study (Table 1d, Fig. 1k). There
was a significant effect of different irradiance treatments
Table 1 ANOVAs of (a) relative growth rate (RGR, % day−1), (b) total
fatty acid content (% dw), (c) total protein content (% dw), and (d) total
phenolic content (% dw) in Ulva fenestrata cultivated under different
levels of irradiance and temperature, nitrate and phosphate, and pCO2.
Significant p-values are indicated with italics. Data on mean values and
SEM are presented in Fig. 1
a. RGR (% day−1) b. Fatty acids (% dw) c. Proteins (% dw) d. Phenolics (% dw)
Source of variance df MS F ratio p MS F ratio p MS F ratio p MS F ratio p
Irradiance 2 44.27 4.60 0.018 0.13 11.47 < 0.001 19.28 19.19 < 0.001 0.0019 7.90 0.002
Temperature 1 57.43 5.97 0.021 0.45 40.81 < 0.001 44.12 43.90 < 0.001 0.0001 0.48 0.495
Irradiance × temperature 2 14.36 1.49 0.241 0.02 2.16 0.133 0.33 0.33 0.723 0.0002 0.82 0.459
Residual 30 9.62 0.01 1.01 0.0009
Nitrate 2 37.81 49.48 < 0.001 9.35 111.19 < 0.001 316.46 569.18 < 0.001 0.0151 43.01 < 0.001
Phosphate 1 25.13 32.90 < 0.001 1.24 14.74 0.001 8.36 15.04 0.001 0.0025 7.21 0.015
Nitrate × phosphate 2 11.39 14.90 < 0.001 0.50 5.99 0.010 3.26 5.86 0.011 0.0004 1.15 0.339
Residual 18 0.76 0.08 0.56 0.0067
pCO2 2 0.72 0.33 0.726 0.01 1.09 0.359 2.81 3.40 0.056 0.0023 4.60 0.024
Header tank (pCO2) 3 4.37 1.98 0.153 0.04 5.25 0.009 3.75 4.54 0.015 0.0007 0.92 0.464
Residual 18 2.21 0.01 0.83 0.0006
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(Table 1d), with high irradiance significantly (Tukey’s HSD,
p < 0.05) decreasing the total phenolic content with 19.00%
compared with the low irradiance treatment (Fig. 1j).
Furthermore, both nitrate and phosphate addition significantly
increased the total phenolic content of the seaweeds
(Table 1d). Elevated nutrient levels significantly (Tukey’s
HSD, p < 0.05) increased the total phenolic content with on
average 49% (nitrate) and 10% (phosphate) compared with
ambient conditions (Fig. 1l). Finally, there was a statistically
significant (Table 1d) increase in total phenolic content in
response to decreased pCO2 levels. The total phenolic content
was 0.169 ± 0.004, 0.181 ± 0.004, and 0.192 ± 0.008% dw
(mean ± SEM) in the high, ambient and low pCO2 treatment,
respectively.
Biochar and ash content
We found no statistically significant difference in the biochar
content of U. fenestrata exposed to any of the different treat-
ments (Table 3a). The mean biochar content was 33.82 ± 0.68,
30.3 ± 0.44, and 33.72 ± 0.59% dw (mean ± SEM) in the tem-
perature/irradiance, nitrate/phosphate, and pCO2 experiments,
respectively.
The mean ash content for U. fenestrata was 19.48 ± 0.77,
19.68 ± 0.77, and 20.02 ± 0.41% dw (mean ± SEM) in the
temperature/irradiance, nitrate/phosphate, and pCO2 experi-
ments, respectively. The only significant effect of the treat-
ments on the ash content was addition of nitrate (Table 3b),
where seaweeds exposed to ambient nitrate conditions had a
significantly (Tukey’s HSD, p < 0.05) higher ash content
(22.68 ± 0.51% dw, mean ± SEM), compared with seaweeds
exposed to medium (19.05 ± 0.88% dw, mean ± SEM), and
high (17.33 ± 1.06% dw, mean ± SEM) nitrate concentrations.
Discussion
An initial challenge in the cultivation of Ulva spp. is the con-
fused nomenclature within this genus. Traditional morpholog-
ically based taxonomic names do not always correspond to
molecular phylogeny (e.g. Hughey et al. 2019) and species
identification is difficult without DNA sequencing of appro-
priate genes. The model species used in the present study was
identified as U. fenestrata (previously known as U. lactuca,
Hughey et al. 2019) using molecular methods. Proper taxo-
nomic identification of cultivated Ulva species through mo-
lecular methods, such as the one used in the present study, is
very important to include in future aquaculture studies to dis-
entangle the effect of genetic and/or environmental factors on
differences in biomass yield and biochemical composition
Fig. 2 Fatty acid composition (%
of total fatty acids) in Ulva
fenestrata after exposure to
different treatment combinations
(low I = 50, medium I = 100, and
high I = 160 μmol photons
m−2 s−1; low T = 13 and high T =
18 °C; ambient N < 5, medium
N = 150, and high N = 500 μM;
ambient P < 1 and high P =
50 μM; low pCO2 = 200, ambient
pCO2 = 400, and high pCO2 =
2500 ppm). Error bars show SEM
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(c.f. Malta et al. 1999; Biancarosa et al. 2017; Gao et al. 2017).
As pointed out by Bolton et al. (2016), the taxonomic identity
of Ulva spp. in the aquaculture literature is almost always
dubious, and a large number of papers using “Ulva lactuca”
as model organisms from northern temperate to tropical areas
are probably dealing with different species. Therefore, we
mainly chose to focus on previous literature investigating
cold-temperate Ulva spp. in the following discussion.
Previous studies have found that the relative growth rates
of Ulva spp. in cultivation generally increases with increasing
irradiance (Geertz-Hansen and Sand-Jensen 1992; Riccardi
and Solidoro 1996; Taylor et al. 2001; Kalita and Tytlianov
2003; Kalita and Titlyanov 2013; Mhatre et al. 2019). Light
saturation for the growth ofU. lactuca is suggested to occur at
55 μmol photons m−2 s−1 (Sand-Jensen 1988), and the growth
of the seaweeds are not inhibited at irradiances up to 225 μmol
photons m−2 s−1 (Fortes and Lüning 1980). We found that the
relative growth rate ofU. fenestrata increased when irradiance
levels were increased from 50 to 100 μmol photons m−2 s−1,
but we saw no further increase at 160 μmol photons m−2 s−1,
confirming previous results. The growth of Ulva spp. also
generally increased with increasing temperature in previous
studies (Riccardi and Solidoro 1996; Taylor et al. 2001; Gao
et al. 2017, 2018b). However, Nejrup et al. (2013) found that
the growth rate of Danish populations of U. lactuca was
higher at 20 °C compared with 15 and 25 °C. The higher
growth rate at low (13 °C) rather than high (18 °C) tempera-
ture found in the present study may be a consequence of
SwedishU. fenestrata being adapted to cold water conditions.
For most algae, tolerance to high temperatures may relate to
temperatures experienced in their natural habitat (Gessner
1970).
Because seaweeds are generally nutrient-limited, it has re-
peatedly been observed that nitrate and phosphate addition
result in higher growth in Ulva spp. (Riccardi and Solidoro
1996; Taylor et al. 2001; Kumari et al. 2014; Young and
Gobler 2016; Gao et al. 2017, 2018b). Nutrient concentration
can also interact with temperature to affect the growth of
U. lactuca, which had a higher growth rate under high nitrate
and phosphate concentrations at high temperature (10 °C), but
no difference was seen at low temperature (5 °C) (Tremblay-
Gratton et al. 2018). Surprisingly, nitrate addition decreased
the growth rate of U. fenestrata in the present study. The
reason for this is unknown, but the nitrate conditions outside
TML from April to November (< 5 μM, sharkweb.smhi.se)
are usually well below the levels used in our study (150 and
500 μM). An explanation for the decreased growth in
response to nitrate addition observed in the present study
may be that the unnaturally high nitrate levels used in our
experiments adversely affected the seaweeds.
The relatively low growth rate in the pCO2 experiment was
probably due to seasonal changes in total irradiance, since
these seaweeds were grown in a greenhouse in OctoberTa
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without additional light sources. Increased pCO2 levels com-
monly have positive effect on the growth rate of other Ulva
species (e.g. Olischläger et al. 2013; Young and Gobler 2016;
Gao et al. 2017, 2018b; Chen et al. 2019; Sebök et al. 2019),
although there are examples were changes in pCO2 did not
have a significant effect (e.g. Kerrison et al. 2012; Liu and Zou
2015). Differences between seaweed species in response to
increased pCO2 may be due to the presence of carbon-
concentrating mechanisms (van der Loos et al. 2019). Some
Ulva species can use HCO3
− as a carbon source and do not
have to rely solely on CO2 for photosynthesis and growth (van
der Loos et al. 2019). When cultivated in sealed aquaria under
saturating light conditions, we found that the U. fenestrata
strain used in this study can increase pH of seawater to above
10 (results not shown), indicating that this species is highly
effective in using HCO3
−. This is probably the reason why we
did not find a significant effect of increased pCO2 on growth.
The total fatty acid levels found in the present study (1.31–
1.83% dw) are within the upper range of what is reported for
Ulva spp. in previous studies (0.3–1.6% dw) (e.g. Holdt and
Kraan 2011), while the fatty acid composition is in accordance
with what has been found in otherUlva species (e.g. McCauley
et al. 2018). In general, previous literature shows that increased
irradiance, temperature, nutrient, and pCO2 levels increase the
total fatty acid content of Ulva spp. (Figueroa et al. 2014;
Kumari et al. 2014; Liu and Zou 2015; Gao et al. 2017,
2018a, 2018b; Chen et al. 2019; Mhatre et al. 2019), with some
exceptions (Khotimchenko and Yakovleva 2004; Ak et al.
2015; Liu and Zou 2015; McCauley et al. 2018). We found
that the total fatty acid content in U. fenestrata was higher at
50 μmol photons m−2 s−1 than at 100–160 μmol m−2 s−1, most-
ly due to a decrease in the polyunsaturated fatty acids (PUFA)
C18:3n3, C16:4n3, and C18:4n3 at high irradiance levels.
These results are in accordance with a previous study where
changes in irradiance also affected the composition of fatty
acids in U. fenestrata from the Sea of Japan (Khotimchenko
and Yakovleva 2004). The highest levels of C16:4n-3 was
found in low irradiance, while C16:0 was highest at high irra-
diance (Khotimchenko and Yakovleva 2004). In the present
study, a lower total fatty acid content was found at 13 °C com-
pared with 18 °C, mostly due to a decrease in the C18:2 con-
tent. However, the content of PUFA (C18:3n3, C16:4n3, and
C18:4n3) significantly increased at 13 °C. This is also in ac-
cordance with what is generally known for algae, which accu-
mulate PUFA acids in response to decreased temperature
(Khotimchenko 1991).
Lipid metabolism can be regulated by nutrient availability,
and nitrogen depletion is hypothesised to increase lipid content,
either through a decline in cell division rate (Brennan and
Owende 2010) or by diverting fixed carbon from protein to
lipid synthesis (Rodolfi et al. 2009). Nitrogen limitation can
both enhance (Gordillo et al. 2001) and decrease (Gao et al.
2017, 2018a, 2018b) the lipid content inUlva rigida. We found
a significant increase in the total fatty acid content in response
to addition of 150 and 500μMnitrate, and 50 μMphosphate in
the present study, in agreement with the results found by Gao
and co-workers (Gao et al. 2017, 2018a, 2018b) but in dis-
agreement with the abovementioned hypothesis. A possible
explanation is that the seaweeds become reproductive at the
time of harvest and that this may increase the lipid content, as
reproductive cells and swarmers contain more lipids (Gao et al.
2017, 2018a). We did not observe any reproductive tissue but
our experiment was short (5 days) compared with those in Gao
et al. (2017, 2018a) (12 days). It is possible that cells were
starting to convert from a vegetative to reproductive state and
that we would have observed reproductive tissue if the exper-
iment had continued for another week. No significant changes
in the fatty acid composition of U. fenestrata in response to
changes in nutrient availability that was found in the present
study, indicating that all fatty acids increased in similar
amounts. McCauley et al. (2018), on the other hand, found that
cultivatingUlva sp. in nutrient replete conditions decreased the
percentage of C16:0, while increasing C18:3n3 and C16:4n3
(McCauley et al. 2018). Fatty acid biosynthesis is also
Table 3 ANOVAs of (a) biochar
content (% dw) and (b) ash con-
tent (% dw) in Ulva fenestrata
cultivated under different levels
of irradiance and temperature, ni-
trate and phosphate, and pCO2.
Significant p-values are indicated
with italics
a. Biochar (% dw) b. Ash (% dw)
Source of variance df MS F ratio p MS F ratio p
Irradiance 2 11.76 3.37 0.105 15.72 2.35 0.177
Temperature 1 9.36 2.68 0.153 0.14 0.02 0.890
Irradiance × temperature 2 6.79 0.97 0.431 3.58 0.53 0.612
Residual 6 20.95 6.71
Nitrate 2 1.37 0.52 0.618 29.83 10.13 0.012
Phosphate 1 4.56 1.74 0.235 0.85 0.29 0.610
Nitrate × phosphate 2 1.04 0.40 0.689 0.31 0.10 0.903
Residual 6 2.62 2.94
pCO2 2 3.65 3.36 0.172 0.71 0.59 0.610
Residual 6 1.09 1.22
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dependent of CO2 assimilation (Gordillo et al. 2003). Species
that are able to use HCO3
− (and are saturated for dissolved
organic carbon) may use the elevated CO2 to invest in lipid
storage, since their growth rates are not limited by carbon
(Van der Loos et al. 2019). Our results do not support this
hypothesis, as we did not find any significant changes in total
fatty acid content in response to elevated pCO2.
The mean protein content found in the present study (8.09–
12.36% dw) was in the lower range compared with previous
studies (4–44% dw) (Holdt and Kraan 2011). In general, pre-
vious literature show that increased temperature and nutrient
levels increased the total protein content of Ulva spp. (e.g.
Kumari et al. 2014; Liu and Zou 2015; Gao et al. 2017,
2018a, 2018b). Increased irradiance and pCO2, on the other
hand, decreased the protein content of Ulva spp. (Gordillo
et al. 2001; Gao et al. 2017, 2018a, 2018b; Chen et al. 2019;
Mhatre et al. 2019). We found that the total protein content in
U. fenestrata decreased both when irradiance was increased
from 50 to 160 μmol photons m−2 s−1 and when temperature
was increased from 13 to 18 °C. This is in contrast to metabolic
theory that predicts that since the metabolic rates of organisms
increase with temperature within a certain range, nitrate assim-
ilation should increase with increasing temperature (Iken
2012). Furthermore, since nitrogen is an essential element in
protein metabolism and the amino acid carbon skeleton is de-
rived from CO2 assimilation, high levels of nitrate and CO2
should also increase protein synthesis (Gao et al. 2018a). We
found that raising nitrate levels from < 5 to 150 μM had a
strong positive effect on the total protein content in
U. fenestrata. However, an increase in pCO2 from 200 to
2500 ppm had no significant effect on the total protein content
of U. fenestrata, in contrast to theory. The explanation for this
result is probably the same as for the lack of effects of increased
pCO2 on relative growth rate and fatty acid content, i.e. that the
strain used in the present study have an effective CCM mech-
anism and is not limited by dissolved inorganic carbon.
The total phenolic content inUlva spp. is of interest from a
cultivation perspective since it shows a positive correlation
with antibiotic and antioxidant activity (Sirbu et al. 2019),
but it is also very interesting for the production of antioxida-
tive seaweed extracts with uses, e.g. in foods and cosmetics
(Jacobsen et al. 2019). The total phenolic content was in the
range of what has previously been reported for U. lactuca
(0.05–0.91% dw) (e.g. Abd El-Baky et al. 2009; Hashem
et al. 2019; Sirbu et al. 2019). Nitrate and phosphate addition
significantly increased, and pCO2 addition decreased the total
phenolic content of the U. fenestrata, which is in accordance
with what has been shown in previous studies (Figueroa et al.
2014; McCauley et al. 2018).
Biochar is a material that is produced through pyrolysis, i.e.
the combustion of biomass in a low oxygen atmosphere. The
biochar content of seaweed biomass has recently received at-
tention because of its potential applications in carbon
sequestration and soil amelioration (Lehmann and Joseph
2009). To our knowledge, no previous studies have investigat-
ed how different cultivation conditions affect the biochar con-
tent in seaweeds. The mean biochar content was 33.82 ± 0.68,
30.3 ± 0.44, and 33.72 ± 0.59% dw (mean ± SEM) in the tem-
perature/irradiance, nitrate/phosphate, and pCO2 experiments,
respectively, which is comparable with other species under
similar pyrolysis conditions (e.g. Ulva ohnoi 34–35% dw,
Roberts et al. 2015). Finally, the ash content was significantly
decreased when seaweeds were exposed to nitrate levels above
150 μM. Previous studies have found that increased irradiance,
temperature, and nitrate levels can result either in higher (Gao
et al. 2017, 2018b;Mhatre et al. 2019) or lower (Ak et al. 2015;
Gao et al. 2017) ash content of Ulva spp., whereas increased
pCO2 levels did not affect ash content (Gao et al. 2017).
We conclude that the optimal cultivation conditions for
SwedishU. fenestratawill depend on the desired biomass trait
(yield or biochemical composition). A high protein level is
desirable in the light of the growing interest for seaweed for
food (e.g. Fleurence 1999; Harrysson et al. 2018) and feed
(Angell et al. 2016b; Øverland et al. 2019). Lately, it has been
particularly highlighted as a possible contributor to the ongo-
ing protein shift, i.e. the shift from red meat to more sustain-
able protein sources. Along with high protein content, a high
lipid content, especially with lipids from the n-3 family, is
beneficial. Hence, the irradiance should be kept low to both
increase the total fatty acid content and the relative abundance
of C18:3, a precursor to the more long-chained n-3 PUFA
EPA and DHA, which are associated with a variety of health
benefits (Calder 2010; Maehre et al. 2015). However, given
the relatively low lipid content compared with the protein
content in U. fenestrata, the lipids rather provide an added
extra value to the relatively protein-rich biomass. Thus, from
a food perspective, the light intensity should be kept low to
enhance both the lipid and protein content, and the tempera-
ture should be kept low to favour the protein content. From a
growth perspective, on the other hand, light should be kept
high to increase yield since maintaining a high total com-
pound yield could be more beneficial economically than in-
creasing the compound concentration.
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